We studied clinical signs, EEGs 
Introduction
Based on cortical stimulation studies in primates, and later 1994) also verified the earlier suggestions of a rostrocaudal somatotopy within the SSMA (Penfield and Welch, 1951; in humans undergoing surgery for medically intractable seizures, Penfield and Welch, (1951) delineated the anatomy Woolsey et al., 1952) . SSMA seizures are of brief duration, usually lasting only of the supplementary motor area. It is situated predominantly on the mesial surface of each hemisphere, limited by the 10-40 s with rapid onset of asymmetric tonic posturing involving both extremities. Speech arrest and vocalization cingulate sulcus inferiorly and by the sensory motor strip posteriorly. It only occasionally reaches the lateral convexity are common but consciousness is often preserved. Versive movements of head and eyes may serve as a lateralizing of the hemispheres.
A sensory function of the SMA, already proposed by feature, especially if they precede secondary generalization. SSMA seizures commonly occur in clusters and can be Penfield and Jasper (1954) was confirmed by electrical stimulation studies (Van Buren and Fedio, 1976; Lim et al., severely disabling (Morris et al., 1988 , Morris, 1993 . Localization of the primary epileptogenic zone may be 1994). The term supplementary sensorimotor area (SSMA) was therefore introduced by . More recent difficult in seizures arising from the SMA, especially in the absence of a structural lesion. Interictal and ictal scalp EEG cortical stimulation studies (Mitz and Wise, 1987; Lim et al., findings may be absent, non-lateralizing (early bilateral tracer, [ 99m Tc]HMPAO (hexametylpropylene amine oxime). Early in the series, two patients underwent interictal SPECT synchrony) or misleading, due to paradoxical lateralization (Blume and Pillay, 1985; Quesney et al., 1990 ; Quesney studies. We do not do interictal SPECT studies in patients with extra-temporal lobe seizures routinely because of the 1993). Furthermore, structural and functional imaging studies such as MRI and PET are usually normal (Luders, 1996) . extremely low yield for localization (Harvey et al., 1993a) . Ictal SPECT studies were obtained in all patients. Seizures The accuracy of ictal single-photon emission computed tomography (SPECT) in localizing and lateralizing temporal which were easily facilitated by sleep induction, sleep deprivation or applying individual trigger factors from the lobe epilepsy is now well established (Rowe et al., 1989; Newton et al., 1992; Berkovic et al., 1993) . There is patients' history, or by studying the patients' prior seizures, were recorded. Because of the above, the rCBF tracer increasing evidence in a number of recent studies (Harvey et al., 1993a; Kuzniecky et al., 1993a; Ho et al., 1994) of [ 99m Tc]HMPAO was freshly reconstituted in a lead isolated syringe, placed in an intravenous line prior to seizures and the accuracy of ictal SPECT for lateralizing and localizing the site of ictal onset in patients with extratemporal epilepsy.
it was injected immediately after clinical seizure onset by personnel well acquainted with the patient's seizures who In this study we investigated the usefulness of ictal SPECT in the evaluation of patients with SSMA seizures, and were stationed at the bedside. During the injection, continuous video/EEG monitoring was performed to analyse correlated the SPECT results with clinical and laboratory features. We also investigated the ictal cortical perfusion electrographic seizure onset and to correlate with clinical behaviour and time of tracer injection. propagation and subcortical activation patterns and their clinical correlations.
SPECT-scan acquisition was initiated within 2 hours after the injection on a ADAC dual Anger gamma camera (ADAC laboratories, Milipitas, Calif., USA) equipped with Methods high resolution, low energy, parallel hole collimators. The acquisition parameters were 64 stops per head (128 total Patients stops) into a 128 pixel matrix using a field-of-view of 25 cm, Eight patients with clinically suspected SSMA seizures were which allowed pixel size to be 1.96 mm on edge and the evaluated for medical intractability as possible surgical total counts per pixel in the cortex to be~150 counts. This candidates at the University of Alabama at Birmingham, provided statistically adequate counts for reconstruction. Epilepsy Center between 1992 and 1996. Patients with Reconstruction was performed using a Butterworth filter with structural lesions in the mesial frontal area or those who a frequency cut-off of 0.225 Nyquist, order 8. Attenuation had primary resections of other areas of the frontal lobe, correction was performed using the Chang method (Chang, including the SSMA, were not included in this study.
1978). Presurgical evaluation included a neurological examination, Prior to the SPECT scan a reference system device was routine EEGs, extended video/EEG monitoring with routine placed on the patient, which allowed accurate reorientation scalp electrodes and neuropsychological studies. The video/ of the scans parallel to and sequentially above the EEG monitoring studies were reviewed to determine the canthomeatal line (Mountz et al. 1991a) . Sections were localization and lateralization of abnormalities and to obtained in the transverse, sagittal and coronal planes. Images determine the onset and duration of seizures.
were obliquely reconstructed and added in every plane by MRI studies were performed on a Philips ACS 1.5 T unit two sections, leaving in-plane pixel width 1.96 mm for more (Best, Holland) and included T 2 -weighted, inversion recovery accurate delineation of the regions of interest. and 3-D volume T 1 -weighted images (1.5 mm thick slices, no gap). Images were reconstructed in the transverse, coronal and saggital planes for analysis. Image interpretation was done using previously validated diagnostic criteria SPECT analysis (Kuzniecky et al., 1993b) .
Qualitative analysis
Following the non-invasive evaluation, five of the patients Coronal, transverse and sagittal SPECT images were subsequently had chronic intracranial monitoring with evaluated visually by three observers, one of them without subdural grid recordings and functional mapping. The grids knowledge of the patients' clinical histories. The images were placed over the affected mesial frontal areas covering were reviewed for areas of cortical hyper-and hypoperfusion the SSMA and the mesial motor area. A variable array of and for areas of subcortical and cerebellar hyperperfusion. six-contact strip electrodes (four to six strips) were placed Cortical involvement was defined by reviewing the saggital over the lateral convexity covering the ipsilateral cortical and coronal images according to accepted anatomical motor and pre-motor area in all patients.
landmarks (Talairach et al., 1992) . The areas included the cingulate gyrus, superior frontal gyrus including mesial and superior frontal cortex, and middle and inferior frontal gyrus
SPECT studies
Regional cerebral blood flow (rCBF) brain SPECT scans (pars triangularis). Subcortical areas included the corpus striatum and the thalamus. Transverse images through the were performed after injection of 20-35 mCi of the rCBF cerebellum were also analysed. The areas of hyperperfusion A transverse section at the level of the basal ganglia was used for obtaining counts from the corpus striatum and were compared with homologous regions in the contralateral hemisphere. The studies were reviewed twice at different thalamus. A transverse section at the level of the cerebellum was used to obtain cerebellar hemisphere counts ( Fig. 1 ). intervals by each observer and the abnormalities were individually tabulated. In case of disagreement, the images SPECT scans of five age-matched, normal controls (mean age 15.2 years) were used for comparison and analysed in were reviewed and a final decision made by consensus.
an identical fashion. Average counts per pixel were obtained for each region of interest and normalized relative to mean whole brain counts (Mountz, 1991b) . Whole brain counts
Quantitative analysis
For quantitative evaluation three adjacent coronal (for were obtained by averaging total section counts from 3-8 cm above the canthomeatal line. The same method for evaluation of the cerebral cortex) and transverse (for analysis of subcortical structures and the cerebellum) slices were drawing the regions of interest was used for all patients analysed. Since all sections were oriented to the canthomeatal selected from the series and added. The images included the SSMA in the coronal images and the basal ganglia and line, the transverse sections were parallel to and sequentially above the canthomeatal line. The saggital and coronal sections cerebellum in the transverse plane. Eight regions of interest for count-data analysis were defined in the coronal sections:
were perpendicular to these sections. The somatomotor cortex was located just superior to the anterior thalamic region, right and left cingulate gyrus, right and left SSMA, right and left superior and inferior lateral convexities of the frontal approximately between the thalamus and caudate anatomic structures. Region of interest delineation and quantitative lobe, as demonstrated in Fig. 1 (Mountz, 1991a) . 
Statistical analysis
The mean counts : mean whole slice counts (M/W) ratios abnormalities. The ictal EEG was lateralizing in three patients.
Results of the EEG investigations are shown in Table 2 . within the mesiofrontal regions of interest of both hemispheres in the group of patients was compared with the M/W ratios in the normal control group using a one-tailed, unpaired t test. The one-tailed method was used because MRI MRI scans were abnormal in three patients. None, however, overall counts were higher ipsilateral to the epileptogenic region. The control group consisted of two females and three had mesial frontal lesions. One patient had left dorsolateral fronto-temporal encephalomalacia secondary to a head injury males (mean age 15.2 years, range 6-20 years). Three control subjects, aged Ͻ18 years, had been examined for a suspected caused by a seizure. Mild cortical atrophy was seen in another patient and one patient had right frontal polar and right basal neurological problem which was found to be due to a cause other than a neurological condition. The other two, aged Ͼ18 ganglia atrophy (Table 1) . years, were normal volunteers.
SPECT studies (Table 3) Surgical outcome
Cortical perfusion
Surgical outcome was based on Engel's classification (Engel Interictal SPECT studies in two patients were normal. Ten et al., 1993) : class I, seizure-free; class II, rare seizures; ictal SPECT studies were obtained in eight patients. Two class III, worthwhile improvement; class IV, no worthwhile patients underwent repeated studies because the initial improvement. Follow-up with a minimum of 12 months injections had not been early enough. Review of the video/ (range 12-48 months) was available to all patients through EEG data indicated that injections given during the ictal regular clinic visits.
phase, within 2-5 s after clinical seizure onset (mean 3.5 s), were obtained in all patients. Qualitative analysis revealed no disagreement between observations in the two separate
Results
analyses of the scans. There was no significant disagreement between observers for cortical lateralization or localization, Clinical features (Table 1) Eight patients, five women and three men, (mean age at or for subcortical or cerebellar hyperperfusion. Ictal SPECT scans showed unilateral predominance of the time of evaluations: 15 years, range 2-41 years) were studied. Mean age at seizure onset was 5.7 years (range regional or focal hyperperfusion of the mesiofrontal cortex in all patients. Quantitative analysis of this region revealed 1.5-19 years) with a mean duration of epilepsy of 9.2 years (range 0.5-22 years).
higher counts per pixel compared with the corresponding region in the contralateral hemisphere, defining hemispheres Clusters of daily seizures occurred habitually in all patients, readily induced by changes in the sleep/wake cycle in three.
as affected and unaffected. Statistical analysis showed that the differences in M/W ratios between affected and unaffected Four patients reported auras; these were associated with lateralized sensory symptoms in one patient, nonlateralizing mesiofrontal cortex (L1, R1; see Fig. 1 ) were significantly greater in the group of patients compared with the group of specificity of 100%. Quantitative analysis of other regions of interest are summarized in Table 4 . Significant count age matched normal controls (P Ͻ 0.02). The differences in M/W ratios were in the range of the normal controls in two increases were found in all cortical regions except in the region of the inferior frontal gyrus (L3, R3; see Fig. 1 ). The patients, indicating a sensitivity for the test of 75% and a (Tables 3 and 4 ).
M/W ϭ mean counts/mean whole slice counts. (1)- (3) represent cortical areas as denoted in Fig. 1 pattern of hyperperfusion indicated a consistent propagation
Cerebellar perfusion
from the mesial cortex to the lateral pre-and motor cortex. Hyperperfusion of the contralateral cerebellar hemisphere Counts were higher in regions of interest R1 or L1 compared was seen in all patients. Quantitative assessment revealed with R2 or L2, and similarly counts were higher in regions significant hyperperfusion in the lateral cerebellar regions of of interest R2 or L2 compared with L3 or R3 in all individuals interest but not in the medial regions (Table 4) . Table 3 (Fig. 1) .
shows the correlation of subcortical, thalamic and cerebellar Two distinct cortical propagation patterns were identified: perfusion with cortical propagation and subcortical activation type I (four patients) with primary involvement of the SSMA patterns (see also Fig. 2 ). and ipsilateral dorsal pre-motor cortex and type II (four patients) with bilateral but asymmetric involvement of frontal cortical regions, although clearly more prominent ipsilateral
Clinical semiology of seizures during injections
to seizure onset.
Versive movements of head and eyes, defined as clonic or Count data analysis of the defined cortical regions of tonic sustained, forced deviation of the head and eyes, interest in patients with type I pattern revealed higher M/W contralateral to the affected hemisphere were observed in all ratios for all regions of interest in the affected hemisphere four patients with a type I propagation pattern but in no compared with the corresponding cortical regions of the patients with a type II pattern. Fisher's Exact Test contralateral hemisphere. Patient 7 was included in this demonstrated significant difference between the two groups group, because hypoperfusion of the lateral convexity of the (P Ͻ 0.03). frontal lobe resulting in very low M/W ratios of these regions of interest was due to structural atrophy of this region.
In patients with the type II propagation pattern, one or
Correlation of ictal SPECT with EEG and
more regions of interest had higher counts on the hemisphere surgery contralateral to seizure onset. These regions of interest were No correlation was observed between the interictal EEG and localized on the cingulate gyrus in two patients and on the clinical features. Similarly, there was no correlation between dorsolateral cortex in another. In one patient, regions of ictal scalp EEG and clinical features. Ictal intracranial studies interest over the cingulate gyrus and over the superior and indicated initial low voltage fast activity in the mesial grids inferior lateral convexity of the frontal lobe had higher counts with simultaneous involvement of the strip electrodes over on the contralateral hemisphere but counts over the SSMA the lateral cortex. However, interictal activity was recorded area were higher on the ipsilateral hemisphere.
with interposed indifferent electrodes between the SSMA Patients 1 and 3 had repeated studies during the ictal and the lateral more distal lateral electrodes confirming phase. The first studies were inadequate because the time of recent observations . Functional injection was at a late ictal phase (10-25 s). The second stimulation of the mesial frontal regions reproduced typical study was during the early ictal phase (2-5 s). Ictal SPECT seizures in the implanted patients. showed left frontopolar hyperperfusion in Patient 1 and Surgical outcome was class I or II in all operated patients. concurrent left mesial frontal and temporal hyperperfusion Patients 1 and 3 were seizure free 7-24 months following in Patient 3. Table 3 shows the hyperperfusion results from initial surgery but seizures recurred. Post-operative evaluation all eight patients during the early ictal phase (2-5 s after suggested limited resections in the SSMA. Surgical extension seizure onset).
of the margins of previous surgery within the SSMA resulted in a seizure-free outcome (follow-up 20 months for both patients). Patient 4 had class II outcome at a 38-months
Subcortical perfusion
Applying Chugani's classification (Chugani, 1994) three follow-up. Patient 7 underwent a frontal resection and was seizure free for 5 months. Pathology showed dysplasia and different activation patterns of the basal ganglia were . The sagittal sections pass through the parasagittal region, the transverse sections through the basal ganglia region, predominantly through the thalamus, and the low transverse sections show the cerebellar hemispheres. The image from patient M.O. shows right mesio-frontal hyperperfusion corresponding to seizures arising from the same region. The thalamus shows ipsilateral activation while the basal ganglia shows contralateral activation due to relative structural atrophy seen on MRI. The cerebellum shows contralateral activation (Table 3) . Patient S.C. demonstrates cortical hyperperfusion from a left mesiofrontal focus with asymmetric uptake of the basal ganglia and thalamus. There is contralateral (right) cerebellar hemisphere activation. unexpectedly changes consistent with Rasmussen's.
Discussion
Subsequently she developed a new epileptic pattern Although SSMA seizures can be recognized by their clinical characterized by unilateral focal motor seizures, high symptoms, it is not clear how frequently they occur among glutamate receptor antibodies and a clinical pattern consistent patients with frontal lobe epilepsy. There are two reasons for with possible Rasmussen's encephalitis. Recent functional this. First, a minority of patients with seizures clinically hemispherectomy has resulted in seizure-free outcome (12 resembling those elicited by electrical stimulation of the months). Patient 8 is awaiting surgery. Complications SSMA actually have SSMA epilepsy (Luders, 1996) . Seizures included minimal clumsiness in one hand and transient displaying clinical features of SSMA activation frequently mutism in another. One patient was lost to follow up originate from regions near the SSMA, such as the basal before surgery and one other has been seizure free on new frontal and mesioparietal regions and the dorsolateral medications. Clinical, electroencephalographic, pathological convexity of the frontal lobe. Secondly, pure cases of SSMA are rare if one uses stringent criteria such as typical clinical and outcome data are summarized in and Smith (1996) found conclusive evidence for SSMA pattern of connectivity with cortical and subcortical structures, epilepsy in Ͻ30 patients reported worldwide. Considering and effects of lesions. Ictal SPECT with current tracers the above, the number of patients in this report is not provides evidence for blood-flow hyperperfusion and insignificant since strong evidence for SSMA localization propagation to adjacent cortical areas. This is supported by was available from the clinical features, from localized blood our findings showing proportionally decreasing counts from flow activation in the SSMA during seizures in all patients the mesial regions of interest (L1 and R1) to the lateral (ictal SPECT) and from intracranial EEG and surgery in frontal regions of interest (L3 and R3). The subcortical five patients. activation patterns were probably consistent among patients, suggesting that similar neuroanatomical pathways are being activated. Although other complex variables may influence the SPECT findings, our results are in agreement with known physiological interconnections.
Ictal SPECT findings
We observed activation patterns of cortical ipsi-and Statistically significant regional or focal mesiofrontal contralateral regions in, and propagation to, the affected hyperperfusion compared with normative (whole brain) data SSMA, and to subcortical and cerebellar structures that are was found in all patients after injection of the rCBF tracer in agreement with results of neuroanatomical studies in [ 99m Tc]HMPAO during the early ictal phase (P Ͻ 0.02). This primate brains. The anatomical connections of the SSMA finding was concordant with some lateralizing clinical features are primarily of four types. in the majority of patients. No incongruencies were observed (i) Cortico-cortical connections. The SSMA is tightly in our study between ictal SPECT studies and clinical or linked with the ipsilateral primary motor cortex, the premotor EEG findings, but not surprisingly, ictal EEG was not cortex, the cingulate gyrus and the prefrontal cortex. localizing in any patient. Furthermore, ictal EEG was Postrolandic connections exist to the parietal lobule, the lateralizing in only a few patients. SSMA cortical resections insula and the superior temporal gyrus (Luppino et al., 1990 ). were performed in four patients, while Patient 7 had a
The above anatomical connections explain our findings of mesial and fronto-polar resection. Favourable outcome of the prominent blood flow propagation into ipsilateral preoperated patients (class I and II) indicated that the area of motor and motor cortex. It also underscores propagation to hyperperfusion correlated with the site of ictal onset, with the ipsilateral cingulate gyrus that was observed in all primary involvement of the SSMA.
patients. Although ictal SPECT has demonstrated localization in (ii) Transcallosal connections. The SSMA of one patients with frontal lobe epilepsy there is scarce information hemisphere is connected with the opposite SSMA, and in patients with definite SSMA seizures. Ebner et al. (1996) with the opposite premotor cortex and cingulate gyrus, presented ictal SPECT data from 15 patients with suspected strongly supporting the concept of the SSMA being a SSMA seizures. They found concordant results with other bilaterally organized system (McGuire et al., 1991;  Roullier clinical data in 40% of patients and discordant results in the et al., 1994) . The type II blood-flow propagation pattern may remaining patients. In 20% of their patients no ictal perfusion be explained on this anatomical basis, resulting in spread to changes were seen. The authors concluded that this finding and activation of the opposite SSMA, cingulate gyrus and might have been due to spread of epileptic activity from a premotor cortex. silent epileptogenic zone to the SSMA. However, tracer (iii) Subcortical connections. Bilateral basal ganglia injection was delayed as much as 30 s after clinical seizure activation seen in six of our patients may be explained by onset. Given the typically short duration of SSMA seizures, rich projections from the SSMA to the putamen, nucleus an injection given 10-15 s after clinical onset may not be caudatus and claustrum bilaterally (Goldberg, 1985) . We also reliable for ictal localization as observed in some of our observed strong bilateral thalamic activation in seven patients. patients. This is probably related to the rapid dynamic This is concordant with previous work (Luppino et al., 1993) perfusion changes that occur during some seizures (Mountz but is in disagreement with other anatomical studies which et al., 1994). In our study, injections during the early ictal suggest a lack of direct input from the SSMA to the thalamus phase (mean time of injection after seizure onset, 3.5 s) were (Goldberg, 1985) . facilitated by the availability of reconstituted tracer already (iv) Cerebellar connections. Connections to the cerebellum placed into an intravenous line and by the continuous presence via the pontine nuclei are responsible for the phenomenon of personnel at the bedside to deliver the tracer while patients of crossed cerebellar diaschisis, leading to activation of the were in the monitoring unit. The patients' high seizure contralateral cerebellar hemisphere in patients with frontal frequency with identifiable triggering factors made the studies lobe seizures. This phenomenon was observed in all our feasible. However, repeated studies were necessary in two patients.
patients.
seizures. These include knowledge of the patient's habitual
Clinical correlations of ictal perfusion patterns
seizures and provoking factors that can be obtained from Ictal contraversive head and eye movements were studying seizure patterns. Reconstituted tracer material should significantly associated with the type I, ipsilateral cortical be available at the patient's bedside ready for injection, propagation pattern. These findings can be explained by preferably in a intravenous line. Even minor delays may cortical activation of the frontal eye field area. According to be crucial, since in two patients we failed to observe cortical stimulation studies, the frontal eye field is located hyperperfusion when the tracer injection was administered anterior to or in the anterior portion of the motor strip at the toward the end of the ictal episode or immediately postictal. upper portion of the head representation (Godoy et al., Careful review of the EEG and video-monitoring should be 1990). This hypothesis is favoured by the fact that versive performed after tracer injection to permit correlations between movements of head and eyes never occurred as an initial EEG, clinical seizure onset, and the time of injection. symptom, but only relatively late in the seizure and, in one
In conclusion, ictal SPECT contributes to the localization patient, immediately before secondarily generalized of the epileptogenic zone in SSMA seizures. Unlike temporal convulsions. However, we cannot rule out that the lobe epilepsy where ictal perfusion changes are relatively contraversive head and eye movements may also be due to activation of the supplementary eye field (Schlag and slow, rapid perfusion changes occur in extratemporal epileptic Schlag-Rey, 1987) . In humans, versive movements of head foci (Harvey et al., 1993b ). An injection given early in the and eyes can be elicited by cortical stimulation of the mesial ictal phase is crucial for obtaining reliable results for the frontal gyrus and rarely from the convexity portion of the following reasons. First, the seizures arising from the SSMA superior frontal gyrus, cingulate gyrus and the paracentral are typically of short duration. Secondly, activation of the lobule . Because the mesial anterior extent SSMA and propagation to cortical and subcortical regions of of ictal hyperperfusion was relatively minor compared with the ipsi-and contralateral hemisphere are rapid. Thirdly, the degree of convexity spread, we favour the first hypothesis.
spread of epileptic activity from nearby initially silent The type I cortical propagation pattern with spread over epileptogenic regions to the SSMA is possible. the lateral convexity of the ipsilateral frontal lobe also agrees with neurophysiological findings suggesting close somatotopically organized interconnections between the
